Abstract A strong focus of ecological research for several decades has been to understand the factors underlying the variation in animal life-histories. In recent times, ecological studies have begun to show that oxidative stress may represent another important modulator of competitive trade-offs among fitness traits or of positively integrated patterns of traits. Therefore, incorporating mechanisms underlying oxidative physiology into evolutionary ecology has the potential to help understand variation in life-history strategies. In this review, I provide a general overview of oxidative stress physiology, and subsequently focus on topics that have been neglected in previous ecological reviews on oxidative stress. Specifically, I introduce and discuss the adaptations that animals have evolved to cope with oxidative stress; the environmental stressors that can generate changes in oxidative balance; the role of reactive species in transduction of environmental stimuli and cell signaling; and the range of hormetic responses to oxidative stress [Current Zoology 56 (6): 687-702, 2010].
Introduction
A fundamental goal of ecological research is to understand the selective pressures that gave rise to the variation in animal life histories apparent in the present day (Stearns, 1992; Roff, 2002) . Life history strategies of animal species can differ markedly in levels of fecundity, rates of maturation and susceptibility to mortality together with variation in how these traits are associated with longevity and with each other. For example, traits, such as clutch size, age at maturity, rate of growth of offspring, and longevity tend to co-vary such that species that live longer also tend to produce fewer offspring that develop slower and mature relatively later in life (Stearns, 1992; Ricklefs, 2000; Roff, 2002) . Physiological aspects of organism function, including metabolism, immunocompetence and endocrine controls, represent important correlates of lifehistory strategies (e.g., Wikelski and Ricklefs, 2001; Wiersma et al., 2007) . Interactions and trade-offs among physiological systems in response to different environmental challenges potentially explain much of the observed variation in life-histories. For example, there is strong consensus that hormones are among the main mediators of many trade-offs (Lessells, 2008; Wingfield et al., 2008) . It has only been within the last decade that ecological studies have begun to demonstrate that oxidative stress (OS) may represent another important modulator of competitive trade-offs among fitness traits, as well as of positively integrated patterns of traits (von Schantz et al., 1999; Costantini, 2008; Dowling and Simmons, 2009; Monaghan et al., 2009) (Fig. 1) .
Ecological studies on OS physiology have been conducted in a number of free-ranging organisms, showing notable variations in both the mechanisms underlying, and fitness functions, of both OS and antioxidants in nature (Costantini, 2008; Monaghan et al., 2009) . The incorporation of mechanisms underlying oxidative physiology into evolutionary ecology has the potential to help us understand variation in life-history strategies, but it also has the potential to generate new paradigms of potential interest to biomedical sciences. Clinical and laboratory approaches to understanding oxidative physiology have provided a wealth of information, but have mainly been limited to a few 'model' laboratory species. Ecological research can contribute to a broader and more general understanding of OS physiology because of the potential to use non-conventional models, which abound in nature, as well as in many captive experimental settings.
Fig. 1 Oxidative stress may underlie the trade-off between investment in reproduction and self-maintenance
A breeding individual might face a choice between two alternative strategies of investment in the current breeding season: high investment in current reproduction with consequent high oxidative stress and rate of senescence and a low potential for investment in future reproduction; or a low investment in current reproduction with consequent low oxidative stress and rate of senescence but potentially high investment in future reproduction. The adoption of one of these strategies could be mediated by environmental quality, as well as by individual quality. For example, while the consequences of a low investment might differ only slightly between individuals of different quality, a high investment might be significantly more costly for a low than a high quality individual.
The aims of the present review article are to provide an up-to-date synthesis of laboratory and field studies on OS physiology and to identify the adaptations that animals have evolved to cope with OS. In addition, I consider which environmental stressors may generate changes in oxidative balance and, possibly, OS and discuss the role of pro-oxidant molecules in cell signaling in response to environmental stimuli. Finally, I emphasize that exposure to OS may be not always bad.
The Physiology of Oxidative Stress
The rise of atmospheric oxygen (Great Oxidation Event, Sessions et al., 2009 ) was a major event in the history of life because living organisms were forced to evolve physiological mechanisms to use oxygen to produce energy, as well as to protect themselves against the toxicity of oxygen itself. Oxidative metabolism not only produces energy, but also oxygen free radicals, which can damage cells to the extent that cell functionality is lost (Halliwell and Gutteridge, 2007) . Hence, over evolutionary time, oxygen free radicals are likely to have represented an important selective pressure, particularly during the incipient stages of the evolution of oxidative metabolism. But what are free radicals? Free radicals, first discovered by Moses Gomberg in 1900, are defined as any molecule capable of independent existence that contains one or more unpaired electrons (Halliwell and Gutteridge, 2007) . The presence of one or more unpaired electrons makes free radicals highly reactive and it is this property that makes these molecules important oxidizing agents of biological substrates. Beyond free radicals, there are many other chemicals that do not have radical properties (e.g., H 2 O 2 , HOCl, singlet oxygen, peroxynitrite), but that are still very important oxidizing agents in biological systems (Halliwell and Gutteridge, 2007) . Reactive oxygen species (ROS) is a collective term that includes all pro-oxidants derived from oxygen, but reactive species (RS) is a more inclusive term that also refers to pro-oxidant chemicals that are not derivates of oxygen. Throughout this review I will use the term RS, with the definition outlined above.
RS are generated through a number of physiological pathways (Sies, 1991; Halliwell and Gutteridge, 2007) . The energetic pathway in the mitochondria is responsible for the production of a large amount of RS. In case of stimulation of immune cells, the immune response pathway (i.e., the oxidative burst) also generates a large amount of RS. Finally, metabolic pathways can generate a number of RS through many different reactions, such as production of uric acid from xanthine or detoxification from potentially harmful substances.
Although there is some support for connectivity between life-history and metabolic rate (rate of living), it is unclear if such a link is modulated by OS. Given that production of RS (e.g., free radicals) is partly a function of metabolic rate (i.e., a higher metabolic rate should lead to greater production of RS), OS is often thought to be tightly correlated with the rate of living: species with higher metabolic rates are suggested to live shorter as a result of increased production of RS and corresponding exposure to higher OS. However, there is low support for this integrated theory since many studies suggest that the rate of living is a poor predictor of both OS and lifespan (e.g., Herrero and Barja, 1997; Filho et al., 2007a; Robert et al., 2007; Selman et al., 2008) . The absence of a one-to-one correlation between metabolism and OS can be explained by the variety of mechanisms that animals have evolved to control and mitigate action of RS. There are many natural defenses against the deleterious effects of RS, ranging from molecular (e.g., antioxidant enzymes) to structural (e.g., level of membrane unsaturation) processes. When these combined defenses fail to control and mitigate the damaging action of RS, there is an increase in 'biomolecular oxidative damage' (Fig. 2) , that is the chemical oxidation of molecules with consequent changes in structure and loss of normal functionality. The rate of oxidative damage generation is, therefore, a proxy of OS (Costantini and Verhulst, 2009 ) and hence OS can be also defined as a biochemical stress experienced by cells when there is an increase in the rate of oxidation of biomolecules due to an imbalance between RS and antioxidants. However, repair mechanisms can reduce oxidized molecules to their basal state and thereby reactivate molecules previously inhibited by oxidation.
There are circumstances under which OS increases dramatically compared with baseline values and potentially becomes a permanent condition. This is relevant because of the potential pathological consequences associated with chronic increases in OS.
Although the term "OS" is used as a unifying concept, encompassing all typologies of oxidative damage, Dotan et al. (2004) suggest that there can be different sub-categories of OS, depending on which macromolecular component is damaged. Molecules differ in their susceptibility to oxidation and in the molecular processes that repair them (e.g., Bielski et al., 1983; Porter et al., 1995; Pamplona and Barja, 2007) . Consequently, there is evidence that an increase in oxidative damage to lipids is not necessarily accompanied by an increase in oxidative damage to proteins or nucleic acids and vice versa (Dotan et al., 2004) . Therefore, caution is needed when a particular treatment is not found to affect a specific molecular biomarker of oxidative damage. In this case, it is important to specify the molecular nature of the damage (i.e., to lipids, proteins, or nucleic acids) even if the ecological relevance of particular kinds of damage is not known. Differences among tissues in antioxidant/ oxidant status raise some limits in the interpretation of studies carried out in the field because in such studies blood is usually the only tissue available. However, despite concerns about the tissue and molecule specificity of OS, recent studies demonstrate that a combination of biomarkers measured in blood (serum or plasma) can provide a reliable estimate of the redox status in other tissues (Argüelles et al., 2004; Veskoukis et al., 2009) . Organisms have evolved some defences (e.g., chemical, structural) to cope with reactive species and so to mitigate oxidative stress. However, some oxidative damage is always generated and its rate of production reflects the level of oxidative stress. Consequences of oxidative stress can be many (e.g., senescence, diseases) and depend on its intensity and duration (acute vs. chronic).
Adaptations to Oxidative Stress

Chemical defenses
Antioxidants represent a large family of compounds of both endogenous and exogenous origin that are able to neutralize the activity of RS and, in this sense, are vital for survival (figure 2). In the literature, the general role of antioxidants is complicated by a lack of consistency in how the term 'antioxidant' is defined. Halliwell and Gutteridge (2007) define an antioxidant as any substance that delays, prevents or removes oxidative damage. Recently, Cornelli (2009) proposed the following clinical definition in order to take into account the differences among the many biomarkers of OS available on the market: an antioxidant is a product that inhibits oxidation in vitro and reduces OS in vivo, irrespective of how OS is measured. Both these definitions are very general and may apply to a number of compounds with antioxidant properties. While there are slight differences between definitions, a common thread is that for a compound to be an antioxidant with biological relevance it must significantly decrease in vivo the adverse effects of RS.
Different categories of antioxidants have been defined, such as enzymatic, endogenous non-enzymatic and exogenous. Antioxidant enzymes are the first line of intracellular antioxidant defence against production of RS. Manganese superoxide dismutase (MnSOD; in the mitochondrion) and copper/zinc superoxide dismutase (Cu/ZnSOD; in the cytosol and the intermembrane space of the mitochondrion) play a major role in the detoxification of superoxide anion. The glutathione peroxidase family includes several isozymes that catalyse the reduction of hydrogen peroxide or organic hydroperoxides to water or corresponding alcohols using reduced glutathione (Margis et al., 2008) . Although the activity of antioxidant enzymes is mainly intracellular, there is evidence that they can also contribute significantly to the antioxidant capacity of the circulatory system (e.g., Carletti et al., 2007; Lin et al., 2008; Norte et al., 2009) .
Dietary antioxidants (e.g., vitamin C depending on the species, vitamin E, carotenoids, polyphenols) also play a role in neutralising RS. Avian ecologists have tended to have a particular interest in these compounds because (i) they might give rise to resource trade-offs because they are only available in limited supply in the diet and (ii) one group of these antioxidants (carotenoids) plays a role in animal communication as they are used for the production of body coloration (von Schantz et al., 1999; Surai, 2002; Hartley and Kennedy, 2004; Tella et al., 2004; McGraw, 2005; Olson and Owens, 2005; Costantini et al., 2007b,c; Catoni et al., 2008; Cohen et al., 2008; Costantini, 2008; Costantini and Møller, 2008 ).
An important property of dietary antioxidants is that they work in series, synergistically coping with RS. The success of this synergistic protection strongly depends whether a balance exists among all the compounds involved in a particular reaction. The need to maintain this balance could prevent optimization of the antioxidant response, generating a constraint on the response itself. However, maintaining a variety of components of the antioxidant machinery could also provide a 'fail-safe' to avoid the case that the failure or poor functionality of one antioxidant compromises the whole system. These two contrasting hypotheses will need to be addressed in future studies.
The contribution of dietary antioxidants to in vivo protection against OS is still unclear. In particular, this is because some compounds with antioxidant properties (e.g., flavonoids) have other biological functions (Halliwell and Gutteridge, 2007; Costantini and Møller, 2008) . In most of the reports summarised in Hulbert et al. (2007) , the increase of antioxidants by either dietary or pharmacological manipulation decreased the likelihood of early mortality, because of a reduced incidence of diseases, but did not affect ageing rate. There are several inconsistencies (e.g., presence or lack of an effect of antioxidant supplementation) among studies, which could be explained in some cases by the amount of antioxidant intake and whether antioxidants are administered singly or in combination. These two points should be particularly relevant for dietary antioxidants, the correct function of which depends on a balance among the relative concentrations of related molecules. The lack of impact of antioxidant administration on aging rate could also be due to the fact that captive animals are usually maintained under better conditions compared to wild animals, and hence, supplementation of antioxidants to organisms that are already well supplied does not have significant positive effects. Recently, it has been suggested that oxidative stress (i) has in general a mild effect on aging, but a strong effect on the progression of age-related pathologies (i.e., health span or health aging) and (ii) has a significant effect on aging only under stressful environmental conditions (Salmon et al., 2010) , where the need of exogenous antioxidants could be more relevant.
Beyond dietary antioxidants, there are compounds that increase antioxidant capacity but, once oxidized, they cannot be reduced to their former state. These molecules are therefore referred to as a terminal or sacrificial antioxidants (e.g., melatonin). For example, melatonin, once oxidized, forms several stable end-products that cannot be reduced to their former state like other antioxidants. Other antioxidants can be defined as shock absorbers (e.g., uric acid, albumin) because, unlike the enzymatic antioxidants, their production is not stimulated by an increase in RS production.
Structural defenses
Mitochondria are a main source of RS production in the body, and there is evidence that organisms can modify mitochondrial density (Brackenbury and Holloway, 1991; Bertoni-Freddari et al., 2002; Singh et al., 2009; Witte et al., 2009) . For example, the mitochondrial density in skeletal muscles can vary as a response to training and development of a stress response. Mitochondrial densitities are not only adjusted to the level of physical activity but processes like compensatory responses to cold acclimation can include increases in mitochondrial abundance, in the oxidative capacities of individual mitochondria and adjustments of ADP affinities in many marine invertebrates and fish (Guderley and St-Pierre, 2002) .
The chemical properties of membrane lipids are an important determinant of susceptibility of membranes to peroxidation. Lipids are an important target of oxidative damage, but lipids differ in susceptibility to peroxidation, depending on their level of unsaturation. Unsaturated fatty acids are more susceptible to be oxidized than saturated fatty acids (Bielski et al., 1983; Porter et al., 1995) . This scenario is the basis of the membrane-pacemaker modification to the OS theory of aging (Hulbert, 2005) , which shows that long-lived animal species have less unsaturated membranes that short-lived species. Although several comparative studies provide support for the "membrane pacemaker" theory of ageing (e.g., Hulbert et al., 2002a Hulbert et al., ,b, 2006 , we know almost nothing about the life-history correlates of the degree of membrane unsaturation, the plasticity of the membrane fatty acid composition to respond to environmental perturbations (e.g., stressors, change in diet), and the trade-offs related to individual quality.
Potential Causes of Oxidative Stress
There is a wide range of processes that generate changes in oxidative balance. In this review, I discuss six potential stressors that are important in an ecological context (Fig. 2) . For other stressors that are important in different contexts, such as anoxia and arousal from hibernation, see relevant reviews by Hermes-Lima and Zenteno-Savin (2002), Carey et al. (2003) , Abele et al. (2007) , or Bickler and Buck (2007) .
Physical activity
Strenuous physical activity can increase OS whereas regular exercise does not do so and may actually reduce OS in response to stress inducing circumstances (Columba livia and Rattus norvegicus, Herrero and Barja, 1997; Homo sapiens, Di Meo and Venditti, 2001 ; Homo sapiens, Finaud et al., 2006; Columba livia, Costantini et al., 2008a; Melopsittacus undulatus, Larcombe et al., 2010) . Different studies into this phenomenon have revealed different results. Nevertheless, there is a general consensus that the intensity of physical activity, the level of training of the subject and the time of recovery between phases of intense physical activity explains the context-dependence of these findings. Although physical activity causes an elevation of metabolic rate, oxidative damage does not necessarily increase in proportion. This is partly because antioxidant defenses can be up-regulated, and also because the generation of RS can significantly decrease with the shift from a resting to an active state (Herrero and Barja, 1997) . A decrease in leakage of RS may have evolved as a protective mechanism against severe OS that aerobic organisms would otherwise experience during exhausting physical activities. For these reasons, it has been recently suggested that moderate exercise might itself be considered as an antioxidant (Gomez-Cabrera et al., 2008) . However, such effects are not always apparent (Drosophila melanogaster, Magwere et al., 2006) , likely depending on experimental conditions or differences among species.
For mammals, uncoupling proteins (i.e., proteins that cause mild uncoupling of electron transport from ATP synthesis in mitochondria by modulating the membrane proton conductance, UCP) play a role in decreasing the production of RS when the metabolic rate increases. However, the evidence for a similar phenomenon in birds is less compelling. Speakman et al. (2004) found a positive association between metabolic intensity (daily energy expenditure/body mass), uncoupling and lifespan in mice, providing some experimental support for the "uncoupling to survive hypothesis" (Brand, 2000) . However, more studies are needed to understand the nature of the link between uncoupling proteins, metabolic rate and OS.
In nature, animals may experience very different levels of physical activity in their daily life. For example, the level of foraging activity can vary depending on indi-vidual foraging capabilities, food availability, weather conditions, and behavioural differences. Variation among species can also be observed, depending on if, for examples, particular species are migratory or not. This last point is particularly relevant because migratory species can be expected to have evolved more sophisticated mechanisms to cope with OS because they undergo long periods of intense physical activity. Another important difference in the level of activity emerges between males and females, as well as between dominant and subordinate males. In many animal species, males hold territories and defend them from intruder males. Also, males can face high levels of physical activity during the courtship phase. Different patterns of behaviour may therefore be expected to be accompanied by different oxidative statuses (Costantini et al., 2008c) . The relationship between behaviour and physiology of OS is an almost unexplored field and there is potential to open an exciting new chapter in the research on evolution of life-histories and of styles of coping with OS.
Heat stress
Heat stress refers to physiological changes generated by exposure of the organism to ambient temperatures close to the upper critical temperature of the thermoneutral zone or higher than it. Tolerance margins to heat stress, as well as the physiological changes associated with it, can strongly vary among species. Therefore, a certain ambient temperature can be perceived as stressful by certain animal species, but not by others.
High ambient temperatures accelerate rates of biochemical reactions and in doing so may enhance both formation rates of RS and antioxidant enzyme activities. Heat stress can enhance the production of RS in birds and mammals, potentially exposing the organism to OS (e.g., Flanagan et al., 1998; Lord-Fontaine and Averill-Bates, 2002; Mujahid et al., 2005) . Direct evidence of mitochondrial RS generation in skeletal muscles has been found for heat-stressed chickens and laying hens (Mujahid et al., 2005; Lin et al., 2008) . Similarly, exposure of young cockerels to heat stress stimulates mitochondrial superoxide production, possibly via downregulation of avian uncoupling proteins. On the other hand, chicks with persistent expression of uncoupling proteins are relatively better adapted to high temperature (Mujahid et al., 2007) . The evidence for a functional role of UCP in avian mitochondria is, however, weak and this subject needs further investigation. An additional complication to this question is that chickens are artificially selected model organisms that may not be good representatives of other taxa living in their natural environments.
Wild animals may experience significant variations in air temperature, which can also generate changes in oxidative status even in the absence of heat 'stress'. Such temperature fluctuations may be especially important in early life. In the first days of life, bird nestlings have limited abilities to regulate their body temperature and so parental attentiveness to brooding is very important for their survival. However, when they become able to self-thermoregulate, they can be exposed to temporal fluctuations in body temperature, depending on ambient temperature, and can suffer heat stress. The levels of heat stress encountered in early life may be expected to vary greatly among individuals, depending on the date of the season in which they are born and the prevailing weather conditions. This variation in environment during early life may potentially cause variation among individuals in the extent to which temperature fluctuations will cause OS throughout their lives.
Another context where heat stress may matter is migration. Migratory species could be exposed to OS induced by body hyperthermia (McWilliams et al., 2004) and so hypothermia could be used by birds to decrease OS while resting in a stop-over site.
Temperature fluctuations are also an important challenge for many marine organisms. Exposure of cold-blooded marine animals to elevated temperatures accelerates mitochondrial respiration and increases mitochondrial RS formation and also OS (Heise et al., 2003 (Heise et al., , 2006 Keller et al., 2004) . Hypoxia and reoxygenation upon recovery can be another way by which heat stress induces alternations in oxidative balance in some marine organisms (Heise et al., 2006) .
Immune response
The study of ecoimmunology has proliferated in recent years (Sheldon and Verhulst, 1996; Norris and Evans, 2000) . The investment in immune response confronts animals with a potential problem: immunopathology (i.e., damaging side-effects to host tissues associated with a very high or chronic immune response). OS is responsible for these side-effects, so it might play a role in modulating these responses. The immune response can give rise to OS because immune cells kill pathogens by releasing RS (Hampton et al., 1998; Babior, 1999) . RS are important in killing pathogens, but can, as a negative side effect, also damage host tissues. This is particularly evident during chronic inflammation, which may cause extensive oxidative damage to tissues (Sorci and Faivre, 2009 ). Costantini and Møller (2009) show that the immune response can cause significant changes in oxidative balance and that there is significant heterogeneity among bird species in the link between the immune response and oxidative balance. This may mirror species-specific mechanisms evolved to cope with immune response-related OS, as well as differences in individual age or changes in metabolic rate. This heterogeneity also highlights the need to consider the complex interactions among different component of the immune system, antioxidants and OS (Hõrak et al., 2007) , as well as to evaluate the links between immune response and oxidative balance in more systems. The investigation of the dynamics of immune responses and correlated changes in OS biomarkers across a prolonged period could be useful to understand whether the timing of the stress response differs between antioxidants and how the oxidative costs associated with the immune response come about. The investigation of interactions between immune response and OS in relation to personality types (Cavigelli, 2005; Koolhaas, 2008 ) and hormetic responses (Calabrese, 2005) could also help explain why immune responsiveness, immunopathology and immunosenescence vary among individuals.
Pollution
Diffusion in the environment of xenobiotics (i.e., artificial substances) and radioactive elements is a main concern in the modern world. Exposure to high levels of pollutants or radioactivity can have a number of negative consequences for individual health and population viability. Metals, pesticides, polycyclic aromatic hydrocarbons, and radionuclides are associated with impairment in antioxidant status and increases in OS (e.g., Stohs and Bagchi, 1995; Ercal et al., 2001; Hoffman, 2002; Abdollahi et al., 2004; Valko et al., 2005; Valavanidis et al., 2006; Møller et al., 2009; BonisoliAlquati et al., 2010a,b; Isaksson, 2011) . The aquatic environment is particularly exposed to pollution because it receives large volumes of environmental pollutants through agricultural drain water and human waste water (Valavanidis et al., 2006) . Adverse effects of selenium (Se) in wild aquatic birds have been well documented and include mortality, impaired reproduction, reduced growth, alterations in hepatic glutathione metabolism and OS (Hoffman, 2002) . Fish and aquatic invertebrates also show a number of changes in enzymatic and low molecular-weight antioxidant defenses after exposure to various pollutants (Regoli et al., 2002a,b) . Furthermore, terrestrial organisms are also exposed to biologically relevant concentrations of xenobiotics that can generate pervasive oxidative damage. Pesticides, such as diquat and paraquat, can cause OS by increasing the production of free radicals with consequent peroxidation of tissues and alteration of the antioxidant machinery (Abdollahi et al., 2004) . OS has also been implicated in the 3,3′,4,4′,5-pentachlorobiphenil-induced embryo toxicity in the white leghorn chicken (Gallus domesticus) and the Peking duck (Anas platyrhynchos) (Jin et al., 2001) . Finally, high levels of DNA damage were found in populations of the common Eider (Somateria mollissima) that had been exposed to polycyclic aromatic hydrocarbons and organochlorines (Matson et al., 2004 ).
These studies demonstrate that ecologists should pay serious attention to environmental levels of pollution occurring within any area they are studying (Carere et al., 2010) . It is important to know whether, in the study area, there are potential sources of exposure to pollutants that could impact on the oxidative balance of the animals under investigation. It is also important to stress here that there are significant differences among species in sensitivity to exposure, so a knowledge of pollution sensitivity of the study species is also required.
Hormonal changes
Changes in the circulating levels of some hormones may also be accompanied by changes in oxidative status. Below, I have reviewed some studies focusing on the links between oxidative damage, antioxidant status and glucocorticoids, testosterone, estrogen, and melatonin, respectively.
Glucocorticoids. Organisms can control whole body homeostasis through the secretion of glucocorticoid steroid hormones, such as cortisol and corticosterone. These hormones are the end-products of the hypothalamic-pituitary-adrenal (HPA) axis response to stressors (Romero, 2004; Charmandari et al., 2005) . High glucocorticoid levels are usually thought to signal the presence of a stress condition that might perturb homeostasis, and chronically high levels can cause health risks and impairment of physiological functions (Sapolsky et al., 2000; Romero and Wikelski, 2001; Pride, 2005) . Ecologists are interested in the effects of these hormones because they potentially modulate a trade-off between maintenance and growth: stress causes available energy to be redirected from normal activities to coping with a critical situation (a 'life history emergency state', Wingfield et al., 1998) . Another consequence of high levels of glucocorticoids can be an alteration of the oxidative balance toward increased OS (e.g., Behl et al., 1997; Lin et al., 2004a,b; Costan-tini et al., 2008b) . Such an effect may explain the link between chronic levels of glucocorticoids and organism survival (Romero and Wikelski, 2001; Pride, 2005) . The effects of glucocorticoids on OS seem to be common across a wide range of taxa. Chronic administration of glucocorticoids in mammals can increase lipid peroxidation and decrease antioxidant capacity in different body tissues (Behl et al., 1997; McIntosh et al., 1998a,b; Orzechowski et al., 2002) . Similarly, administration of glucocorticoids can generate changes in oxidative balance in birds and generate OS (Lin et al., 2004a,b; Maurice et al., 2007; Costantini et al., 2008b) .
Testosterone. There is conflicting evidence about the effects of male sex hormones on redox status. In vivo treatment with testosterone can make cerebellum granule cells of 7-day-old rats less vulnerable in vitro/ex vivo to OS-induced apoptosis by potentiating antioxidant defences (Ahlbom et al., 1999) . Similarly, administration of testosterone to chickens increases levels of serum vitamins A, E, C and selenium, although the magnitude of these effects was lower than administration of estrogen (Halifeoglu et al. 2003) . However, high circulating testosterone levels have been shown to negatively influence the resitance of red blood cells to an in vitro free radical attack in adult zebra finch males (Alonso-Alvarez et al., 2007b) . Moreover, male three-spined sticklebacks (Gasterosteus aculeatus) implanted with 11-ketotestosterone suffered high levels of OS compared to control fish (Kurtz et al., 2007) . Finally, male, but not female, zebra finches hatched from eggs with experimentally elevated testosterone had reduced plasma antioxidant capacity at 10 days of age compared with control eggs although this effect disappeared by age 34 days (Tobler and Sandell, 2009) . Overall, there is currently little consensus as to how testosterone affects oxidative balance.
One explanation for the conflicting evidence of how testosterone affects oxidative balance is that it can influence or can be influenced by a wide range of traits, including sex characteristics, aggression levels, muscle development, immune response, physical activity and body colouration. Notably, there are also contrasting results regarding how testosterone affects metabolic rate. For example, supplemental testosterone did not affect the basal metabolic rate of white-plumed honeyeaters Lichenostomus penicillatus (Buttemer and Astheimer, 2000) but it decreased the metabolic rate in whitecrowned sparrows Zonotrichia leucophrys (Wikelski et al., 1999) , and increased metabolism for both male house sparrows Passer domesticus (Buchanan et al., 2001 ) and nestling zebra finches Taeniopygia guttata (Tobler et al., 2007) .
Clearly, there are difficulties in disentangling direct and indirect effects (i.e., through effects on metabolic rates) of testosterone on oxidative status. Detailed studies on the relationship between testosterone, metabolic rate, and oxidative stress are, therefore, needed and the context-dependence of published results on this subject mean that theories on testosterone effects should be developed and applied with caution. Also, it will be necessary to evaluate the impact of testosterone on OS from a whole-organism perspective because much of the existing data comes from lab mammals, humans or from in vitro studies carried out only on specific tissues.
Estrogen. As for testosterone, there is also contrast ing evidence about the effects of female sex hormones on redox status. In vitro experiments show that estrogens can act as an 'antioxidant' and inhibit lipid peroxidation (Huh et al., 1994; Ayres et al., 1996) . However, concentrations of these hormones used in vitro are often higher than those found at physiological levels. In addition, the phenoxyl radicals produced during the oxidation reaction can damage proteins and DNA (Liehr, 1996) . Some estrogens can act as carcinogens through an OS-related mechanism in the kidney, liver and breast tissues of various rodent models (Han and Liehr, 1994; Yager and Liehr, 1996) . Ruiz-Larrea and co-workers (2000) show that the antioxidant activity of estrogens depends not only on the hydrophilic or lipophilic nature of the scavenged radical, but also on the phenol and catechol structures of the estrogen compound. These results indicate that future ecological studies evaluating the link between estrogens and oxidative balance should take into account the chemical nature of the particular estrogen under study. It is important to stress here that estrogens can also indirectly protect against OS, by signaling/driving an increase in levels of both endogenous and exogenous antioxidants. For example, Halifeoglu and co-workers (2003) showed that the administration of estrogen to chickens increased levels of serum vitamins A, E, C and selenium. More recently, Dlugosz and co-workers (2009) found that estradiol can protect against OS by increasing thiol group levels rather than by directly scavenging hydroxyl radicals. In contrast, Ahmad et al. (2009) showed that exposure to estradiol injected intraperitoneally decreases both enzymatic and non-enzymatic antioxidants in gills of juvenile sea bass Dicentrarchus labrax. However, it is not clear if the observed decrease in enzymatic activity was a consequence of an increase in OS or of a downregulation of enzyme activity because of the absence of an oxidative challenge.
Melatonin. Melatonin is a hormone secreted by the pineal gland that regulates circadian rhythms in animals. In 1993, it was hypothesised that melatonin can behave as an antioxidant and play an important role as an anti-aging molecule Reiter et al., 1993) . Melatonin can directly neutralize a number of RS and also stabilizes cell membranes making them more resistant to oxidative attack. Administration of melatonin to rats can prevent inflammation and OS caused by irradiation in the small intestine (Guney et al., 2007) and can provide partial protection against alcohol-induced oxidative damage in the aorta (Sönmez et al., 2009) . The antioxidant properties of melatonin seem also to be important to protect carotenoids from oxidation, so increasing the expression of carotenoid-based colourations in birds (Bertrand et al., 2006) . Many of the consequences of melatonin administration depend on its indirect effects on mitochondrial physiology, such as on gene expression of antioxidant enzymes (reviewed in Acuna-Castroviejo et al., 2007) . For example, melatonin does not directly affect the antioxidant defense system of the gills of the crab Neohelice granulata, but decreases the oxygen consumption possibly involved in variations of tissue antioxidant defenses (Maciel et al., 2010) . Given its effect on many physiological processes in laboratory animals, and the impact melatonin has on the regulation of activity rhythms of animals (e.g., migration), a fruitful area of future research would be to investigate the role of melatonin in the redox physiology of wild animals.
Growth and development
Differences in early environmental conditions can explain much of the observed variation in adult phenotype, and growth and developmental patterns can differ markedly among individuals grown under different conditions (Monaghan, 2008) . Consequently, it is evident that individuals faced with different physiological demands can adopt different strategies for allocating resources between growth and maintenance (Ricklefs, 1968 (Ricklefs, , 1984 (Ricklefs, , 2003 Case, 1978; Stearns, 1992; Starck and Ricklefs, 1998) . Growth rate is optimized with respect to selective factors in the environment but there are physical and physiological constraints imposed by the design of the organism and its tissues. OS can represent a proximate cost associated with growth that potentially underlies the trade-off between growth and maintenance costs. Indeed, differences in growth rates are accompanied by differences in the oxidative status in many animal taxa, ranging from damselflies to mammals (Jennings et al., 1999; Rollo, 2002; Alonso-Alvarez et al., 2007a; De Block and Stoks, 2008, Nussey et al., 2009; Costantini, 2010; Hall et al., 2010) . AlonsoAlvarez et al. (2007a) found that the resistance of red blood cells to an in vitro free radical attack was negatively correlated with growth rate: zebra finch nestlings that grew faster had the weakest cell resistance. Similar results were found for an entirely different species, the damselfly Lestes viridis, for which compensatory growth in the larval stage affected levels of superoxide dismutase and catalase in the adult stage (De Block and Stoks 2008) . These results suggest that the link between growth pattern and oxidative physiology may be common across much of the animal kingdom.
Reactive Species in Cell Signaling
RS have been traditionally viewed as toxic products of metabolism. Nevertheless, these molecules are also essential components of cell signaling and regulation (Thannickal and Fanburg, 2000; Hancock et al., 2001; Dröge, 2002; Zmijewski et al., 2005) . This property makes RS indispensable for the existence of multicellular organisms that depend on complex networks of signals to coordinate cell-cell communication in physiological processes. The term "redox signaling" is used to describe regulatory processes in which the signal is delivered through the redox chemistry (Thannickal and Fanburg, 2000; Dröge, 2002) . The transition between an environmental cue and an organismal trait, such as reproductive or behavioural responses, depends on a cascade of processes which perceive the external stimulus and translate it into secretions of hormones that regulate the organism's response. Endocrinological research has identified many important mechanisms that determine the extent and rate at which animals respond to changes in their environment. The participation of RS in cell communication and activation of adaptive responses remains, however, an unexplored field in evolutionary biology and ecophysiology.
Cells are sensitive to many environmental stimuli to which they respond through signal transduction, that is movement of signals from outside to inside the cell. Intracellular signaling pathways are, therefore, fundamental to activate transcription factors that regulate gene expression in response to environmental stimuli. In this context, RS, together with hormones, could play a number of important roles in cell communication. Un-fortunately, the study of signal transduction mediated by RS is methodologically complex and not easily applicable to ecological studies. However, technological advances in redoxomics is progressing this field and, hopefully, it will soon be possible to investigate the role of RS in this new ecological context.
6 Hormesis: The Non-linearity of Stress Response
The traditional belief was that the stress level increases linearly with the intensity of a stressor (i.e., the linear no-threshold model and the threshold model). However, many studies on laboratory models have challenged this view by demonstrating that cells can exhibit hormetic responses. Such responses are typified by a specific type of non-monotonic dose response (figure 3) and result from the activation or upregulation of genes encoding cytoprotective proteins (e.g. antioxidants or protein chaperones) in response to low doses of a stressor Baldwin, 2001, 2003; Calabrese et al., 2007; Rattan, 2008; Calabrese, 2009; Mattson and Calabrese, 2010) . Hormesis is an old concept that dates back to 1943 (Southam and Ehrlich, 1943) , and it refers generally to a process in which the exposure of an organism to a low dose of a chemical agent or environmental stressor that is damaging at higher doses induces a stimulatory or adaptive beneficial effect on the organism. An important consequence of hormesis is the increase in homeodynamic space (i.e., the space within which cells are able to dynamically selforganise when they lose stability), which provides the cell wider margins for stress tolerance and adaptation (Rattan, 2008) .
Originally a controversial theory, in recent years acceptance of the concept of hormesis has accelerated in the fields of toxicology, pharmacology, agriculture, aging research and molecular biology. In ecological terms, hormesis might translate into an increase in phenotypic plasticity and in the ability of an organism to respond to environmental stimuli. Unfortunately, hormesis has been largely ignored in ecological and ecophysiological disciplines, preventing us from fully understand its ecological and evolutionary relevance (but see Forbes, 2000; Parsons, 2001; . Given this background, the study of ecological hormesis may be valuable in the light of environmental changes natural populations are exposed to. If hormesis does increase phenotypic plasticity it has the potential to give animal populations greater freedom to cope with environmental perturbations. The dose-response is biphasic with exposure to low and high doses of a stressor improving and impairing the stress response, respectively. Black circle: ZEP = Zero Equivalent Point, which is the point of the hormetic curve where stress response equals that of the control (i.e. zero exposure).
Conclusions
The physiology of RS and antioxidants is extremely complex and the methods currently available allow us to comprehend just a small component of this complexity. Many of the contradictory results from this emerging field are nearly impossible to reconcile with broad generalizations that are applicable across a range of different taxa. Nevertheless, comparing the effects of OS for multiple taxa enables a better understanding of how the mechanisms that counteract OS have evolved. Despite this benefit, when we look at intra-specific variation there may be additional drivers of variation in oxidative status that a comparative approach does not allow us to detect. For example, differences in individual quality and temporal variation in habitat quality (e.g., food quantity and quality, weather conditions) might explain some of the variation we observe in oxidative damage and antioxidant levels in nature (e.g., Corsolini et al., 2001; Isaksson et al., 2005; Costantini et al., 2006; Costantini and Dell'Omo, 2006a,b; Tummeleht et al., 2006; Costantini et al., 2007a; Filho et al., 2007a,b; Torres and Velando, 2007; Bize et al., 2008; Costantini, 2008; Cohen et al., 2008 Cohen et al., , 2009 Norte et al., 2009; Nussey et al., 2009; Beaulieu et al., 2010; Costantini and Bonadonna, 2010; Lecomte et al., 2010; Vázquez-Medina et al., 2010) . The links between individual, environment and OS physiology need further research.
Another way to reconcile conflicting results about OS physiology is to incorporate the concept of hormesis. For example, it is still poorly understood why the exposure to a same stressor does not always result in increased OS. Individuals in natural populations can be exposed to different doses of a stressor and the duration of exposure can also differ (e.g., starvation, weather conditions, hypoxia). Such patterns of exposure may give rise to hormetic responses and interpreting these patterns within a hormetic framework could, therefore, help to advance knowledge in this field.
A number of factors can alter the oxidative balance, but how each factor acts individually and in combination with others is poorly understood. This issue is further complicated by the fact that some factors, such as physical activity or changes in hormonal status, can also indirectly contribute to altering the oxidative balance because affect physiological pathways that in turn generate changes in the redox system. Disentangling the direct from the indirect effects is a challenge, but it can help to determine the mechanisms underlying the oxidative processes.
Long-term studies will be needed to evaluate how differences in OS translate to differences in organismal functionality and these, in turn, to differences in fitness in wild populations. For example, Bize and colleagues (2008) found that male Alpine swifts Apus melba that survived to the next breeding season tended to have red blood cells that were more resistant to free radical attack, and that females with similar red blood cell characteristics laid larger clutches. The incorporation of OS in long-term studies will help our understanding of the mechanisms underlying senescence in natural populations and trade-offs between self-maintenance and reproduction (e.g., antagonistic pleiotropy theory, disposable soma theory, life-history theory).
Finally, it is worth mentioning that the application of a battery of biomarkers of oxidative stress, as well as of other components of stress physiology (e.g., heat shock proteins and glucocorticoids reviewed in the other articles of this special column), in the assessment of individual and population health may provide conservation biologists a valuable tool to rapidly assess the causes of population decline and the consequences of conservation actions (Homan et al., 2003; Wikelski and Cooke, 2006; Franceschini et al., 2008; Shallin Busch and Hayward, 2009 ). For example, owl populations are experiencing increasing pressure from human-induced changes in the habitat. Owls, such as the scops owl Otus scops shown in the cover photo, face a multitude of stressors including pesticides and habitat fragmentation, which jeopardize population viability (Sergio et al., 2009) . Drastic habitat changes could negatively impact on owl populations through chronic increases in stress levels (Wasser et al., 1997) , which increase oxidative stress, reduce immunocompetence, reduce reproductive investment and survival perspectives.
